Purpose The main purposes of the study were to assess the NPK fertilizer value of biogas digestates in different soils and to evaluate the risk of unwanted nutrient leaching. Methods The fertilizer value of digestates from anaerobic digesters was investigated in a greenhouse pot experiment with wheat in three different soils; silt, loam and sand. The digestates were based on different feedstock and had a low, dry matter content. The fertilizing effect of digestates was compared to mineral fertilizer and manure. To investigate the fate of excess nutrients in soil after the growing season, the pots were leached after harvest. A complementary soil column leaching experiment without plants was carried out in the laboratory. Results The concentration of ammonium in digestates provided a good indicator of the nitrogen fertilizer value of the digestates. In the silt and loam, the ammonium N fraction in digestates had a fertilizer replacement value equal to that of mineral fertilizer N, whereas the replacement value was higher in the nutrient poor sandy soil. Digestates often have a ratio between nitrogen, phosphorus and potassium which is not favourable for plant growth. However, the suboptimal balance did not result in reduced plant growth or unwanted leaching from soil. Conclusions The results show that digestates from biogas production based on fundamentally different feedstock are promising as NPK fertilizers. The N fertilization can simply be based on the digestate NH 4 + concentration and, at least for wheat production, considerable variation in the concentrations of K and P can be tolerated.
Introduction
The core of the bioeconomy is the change from use of fossil raw materials to sustainable production, refinement and utilization of renewable biomass. For instance, production of biogas using organic waste as feedstock represents a plausible activity within the bioeconomy. Organic waste becomes a valuable resource, and compared to fossil fuel utilization, use of biogas yields a reduced carbon footprint (Rehl and Müller 2013; Uusitalo et al. 2014) . Biogas production through anaerobic digestion leaves organic residues, digestates, which are rich in nutrients. If these digestates are utilized in plant production, nutrients already within the nutrient cycle will be recycled and the sustainability of the biogas production process improves (Arthurson 2009; Ladanai and Vinterbäck 2009; Vaneeckhaute et al. 2013 ). In addition, use of organic fertilizers contributes to maintaining and/or improving soil quality (Hati et al. 2006) .
Utilization of digestates may replace or at least reduce the use of mineral fertilizer in agronomic plant production. The liquid phase of digestates is usually rich in plant-available nutrients such as ammonium (NH 4 + ), phosphate and potassium (K). Additionally, more nitrogen (N) will be plant available by microbial decomposition and mineralization of the digestates' solid phase. As anaerobic digestion produces methane (CH 4 ) gas from the organic feedstock, which is subsequently removed for use as biogas, the digestates have a lower carbon to nitrogen ratio (C/N ratio) than the feedstock (Möller and Müller 2012) . Although dependent on decomposition time, a C/N ratio lower than about 25 usually entails that the organic matter has a surplus of N relative to the N demand of the soil microbial community, which then can be mineralized to NH 4 + , i.e. plant-available mineral N (Ferris et al. 1998) .
Since farmers have to base their N fertilizer strategy on farm level N budgets with relatively high precision, the mineral N fertilizer equivalents or replacement values of different digestates are of importance. Studies with manure have shown low plant availability and then little effect from the organic N on plant growth in the first year of application due to slow mineralization (Möller and Müller 2012; Webb et al. 2013) . On the other hand, the NH 4 + in the liquid phase is plant-available (Gutser et al. 2005) and may be directly comparable with mineral N fertilizer. Nevertheless, it is common practice for farmers to estimate the fertilization value of manure by considering a small part of organically bound N and a reduced effectiveness of the mineral N (Kirchmann 1985) , the latter in order to allow for gaseous and/or leaching losses at application and during the growing season. A major challenge with all organic fertilizers is the predictability of the additional mineral N release by decomposition of the organic matter. Assessments of the fertilizer potential of digestates have been carried out (Alburquerque et al. 2012; Kuszel and Lorencowicz 2015; Cavalli et al. 2016; Riva et al. 2016) , but due to the wide variety of feedstock used for biogas production, the efficiency and exact predictability of the fertilizer N value of digestates is difficult. Over time, organic N in the solid phase of digestates will be mineralized and NH 4 + will be released. In a production system with a continuous plant cover, the residual effect due to mineralization is positive as it ensures a gradual supply of NH 4 + to the plants. However, in cereal production, the timing of the mineralization is crucial. For example, release of mineral N late in the growing season, when plants have less requirement for N, or in seasons without plant cover, will increase the risk of nitrate (NO 3 − ) leaching. In agricultural areas with only one growing season per year and then often months without plant cover, release of mineral N from organic matter decomposition may increase the risk of N leaching.
Next to N, K and phosphorus (P) are quantitatively the most important plant nutrients and essential to secure proper growth and development. Phosphorus and K in the feedstock are generally retained during the anaerobic digestion process (Zirkler et al. 2014) . In addition to dissolved inorganic phosphate in the liquid phase, the solid phase of the digestates contains both inorganic and organic P (Kataki et al. 2017) . As a surplus of phosphate in soils may eventually lead to eutrophication of freshwater resources and estuaries, it is important to avoid overdosing of P, by balancing the P and N input. In plants, K is not built into organic complexes but retained in cationic form. Consequently, the K in digestates derived from plant material is directly plant-available both in the solid and liquid phase. Some grass plant species are known to have a higher uptake of K than required in the metabolism at high K availability (Øgaard et al. 2001 ). An excessive K uptake may be problematic due to antagonisms with magnesium, resulting in nutrient imbalances with negative consequences for growth and quality (e.g. digestibility) (Masters and Thompson 2016) . Thus, also the amount of K relative to N and P is important for optimized fertilization.
Organic material in soil is not only important as a source of plant nutrients, it is also important for soil porosity and structure, as well as the ability to store water and nutrients. Soils low in organic matter are often compact, have poor structure and low nutrient binding capacity, as well as a low ability to store water.
This study was aimed at evaluating the impact of widely different feedstocks for biogas production on the mineral N fertilizer replacement values of the resulting digestates, as well as the P and K supply to grain crops and potential losses through leaching. To assess these issues we have carried out a greenhouse experiment with wheat, using five different digestates derived from biogas reactors running on different combinations of manure, whey permeate, fish silage, food waste and sewage sludge, in three different soils. We have compared plant growth as well as nutrient leaching in treatments with digestates with data obtained from control treatments, including no fertilization, application of mineral fertilizer and fresh manure. A supplementary soil column leaching experiment without plants was carried out in the laboratory in order to study nutrient leaching from soils without plants.
Materials and methods

The digestates
The experiments in this study included the following treatments: 1. Control without fertilization (C), 2. Mineral fertilizer (MF), 3. Fresh manure (FM), 4. Digested manure (EDM), 5. Whey permeate co-digested with manure (EWM), 6. Whey permeate and fish silage co-digested with manure (EWMF), 7. Commercial digestates from source separated organic household waste (CF) and 8. Commercial digestates from source separated organic waste mixed with sewage sludge (CFS). The first three were controls (no fertilizer, mineral fertilizer and manure, respectively); the next three were experimental digestates produced in the biogas laboratory of the Norwegian University of Life Sciences and the Norwegian Institute of Bioeconomy Research, located 35 km south-east of the Norwegian capital Oslo, whereas the final two were digestates from commercial biogas plants.
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The experimental digestates were produced on a laboratory scale in continuously stirred tank reactors (CSTR, Dolly, Belach Bioteknik, Stockholm, Sweden) operating at 37 °C with a working volume of 6 L, and a hydraulic retention time of 20 days.
Treatment 4 used an experimental digestate from a reactor fed with manure only (EDM). The experimental digestates used in treatments 5 and 6 were produced in reactors fed with a mixture of whey permeate and manure in a volume (mL) ratio of 70 to 230 (EWM) and 180 to 120 (EWMF), respectively. The latter digestate (EWMF) also included 6 mL fish silage in the feedstock mixture, in order to reduce the C/N ratio. Organic loading rates for EDM, EWM and EWMF were 3.4, 4.3 and 5.4 g volatile solids (VS) L −1 day −1 , respectively. The digestates used in treatments 7 and 8 were commercial digestates collected from municipal biogas plants. The digestate in treatment 7 (CF) was from a commercial biogas plant where biogas is produced on source separated organic household waste. The digestate in treatment 8 (CFS) was from a commercial biogas plant where biogas is produced based on source-separated organic household waste mixed with sewage sludge (50:50, based on fresh weight).
The pot experiment
A pot experiment was carried out in a greenhouse with wheat (Triticum aestivum L.var. Zebra) as a test crop. The pots had a soil volume of approximately 6.7 L. Assuming a soil depth of 20 cm, 300,000 pots correspond to one hectare (ha) of arable land. Three different soils: sand, silt and loam (Table 2) , were used as growth media. The pots were irrigated regularly in order to keep the soil water content at 60% of the soils' water holding capacity (WHC) throughout the experiment. No water was leached from the pots during the experiment. The experiment consisted of the eight treatments as explained above. The mineral fertilizer treatment (MF) corresponded to a dose of approximately 120 kg N ha −1 , 20 kg P ha −1 and 180 kg K ha −1 . The NPK level was based on common fertilizer recommendation for wheat production in Norway, but adjusted in order to give optimal wheat growth in pots within a greenhouse. Because release of plant-available mineral N from the manure and the solid fraction of the digestates usually is low during the first growing season after application due to slow mineralization (Svensson et al. 2004) , the amounts of manure and digestates were adjusted based on their inorganic N content, i.e. NH 4 + concentration (Tables 1 and 3) in wet samples only. Since the treatments (1-8) varied in percent DM, the soil moisture was adjusted by application of deionised water according to weight after the initial addition of fertilizers in order to achieve a soil moisture at 60% WHC. To reduce plant growth effects due to differences in soil pH (Table 2) , 20 and 10 g calcium carbonate (CaCO 3 ) per pot were added to the loam and sand, respectively, bringing the pH up to approximately 6.2.
Plants were harvested after 14 weeks of growth by cutting the wheat straws one cm above the soil surface, and divided into cereal grain and straw after drying at 60 °C to constant weight.
Leaching experiment after harvest
In order to evaluate the risk of nutrient leaching after the growing season, a simple leaching study was conducted after the harvest. For that purpose, the pots were first irrigated to 100% WHC and then leached with 1 L deionized water, added in doses of 250 mL each during the course of an hour. The leachate drained from the soil through a tube at the base of the pots.
Soil leaching experiment without plants
Another leaching experiment was carried out with bare soils in the laboratory. This study was intended to represent a worst-case scenario with extremely heavy rainfall just after Tot N a g kg adding the different fertilizers. Plexiglass columns of 24 mm in diameter and 30 cm in length were filled with 15 cm of the same three soils as in the greenhouse pot experiment, i.e. sand, silt and loam (Table 2) . In order to prevent soil loss during the leaching experiment, a plastic filter covered with PVC pellets (2 mm diameter) was placed at the bottom of the columns. The top of each column was also covered with PVC pellets in order to secure effective distribution of the added water. Each column was covered with tinfoil in order to prevent light exposure and thereby minimize algae growth within the columns. The treatments were the same as in the growth experiment (Table 3 ) and amounts of fertilizer added per volume of soil (mL per L soil) corresponded to those in the growth experiment. Prior to leaching, the soil columns were saturated with deionized water. The columns were then irrigated with deionized water at a flow rate of 1.3 mL h −1 corresponding to 500 mm of precipitation during a 7 days period. The leachates were collected at the base of the column every day during the 7 days and filtered prior to analysis.
Chemical analysis
Chemical characteristics of the different digestates, as well as of the manure used in the experiments, are given in Table 1 . Total C and N in manure and digestates were measured in dried and crushed samples by dry combustion (Nelson and Sommers 1982) at 1050 °C, using a Leco CHN-1000 instrument (St. Joseph, Michigan, USA) according to the Dumas method (Bremner and Mulvaney 1982) . NH 4 + in fresh digestates and manures was measured by flow injection analysis (FIA) after extraction with 2 M potassium chloride (KCl) as described in Bremner (1965) . For the determination of the total concentrations of P and K, the manure and digestates were digested in concentrated ultrapure nitric acid for 90 min by stepwise heating up to 250 °C using a Milestone Ultraclave and analysed using Inductively Coupled Plasma Mass Spectrometry (Agilent ICP-MS 8800 TripleQ).
The soil pH was measured in deionised water, with a soil to liquid ratio equal to 1:2.5. The total C and N in the soil was determined in dried and crushed samples by dry combustion (Nelson and Sommers 1982) at 1050 °C, using a Leco CHN-1000 instrument (St. Joseph, Michigan, USA) as described above for manure and digestates. The soil content of NH 4 + and NO 3 − was measured by flow injection analysis (FIAstar 5000, based on ISO 13395-1996 and EN ISO 11732:1997) after extraction with 2 M KCl. Plant-available P (P-AL) and K (K-AL) were estimated by extraction with an ammonium acetate-lactate solution (0.1 M ammonium lactate and 0.4-M acetic acid, pH 3.75) (Egnér et al. 1960) , followed by inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer Optima 5300 DV). The particle size distribution (i.e. percent of sand, silt and clay in the soil, Table 2 ) was determined by the pipette method (Elonen 1971) . The leachates from the pots after harvest and from the soil column experiment were analysed for ammonium and nitrate (NO 3 -N) by flow injection analysis (FIAstar 5000, based on ISO 13395-1996 and EN ISO 11732:1997) and for other nutrients by ICP-OES (Perkin Elmer Optima 5300 DV).
Calculations and statistical analysis
The mineral N fertilizer replacement value is the ratio between the grain yield obtained in the digestates or manure treatments (treatments 3-8) and the grain yield obtained in the mineral N fertilizer treatment.
The total biomass and grain yield figures in t ha −1 are calculated by multiplying the amounts measured in g DM pot −1 with a factor 0.3. The factor is generated assuming a soil depth of 20 cm and thus 300,000 pots of 6.7 L correspond to one hectare (ha) arable land. The 300,000 ha are divided by 10 6 to convert from gram to tons of biomass or grain yield. Each treatment, both in the column and pot experiments, was replicated three times for each soil. Treatment and soil effects were tested statistically by analysis of variance and multiple testing using the GLM and Student-Neuman-Keul's test (SNK) available in the SAS computer work package (SAS v.9.4). Differences were considered significant at p < 0.05.
Results and discussion
Biomass and yield
Digestates generally had the same fertilizing effect on total biomass and grain yields as manure, with manure being similar to or better than mineral fertilizer (Fig. 1 . Multiplying the figures (g DM pot −1 ) with a factor 0.3 gives total biomass and grain yield in t ha −1 ). Total biomass and grain yields were generally lower in sand and loam compared to silt, with an average grain yield across the treatments 30.00
Silt Grain yield Total biomass ) and grain yield (g DM pot −1 ) in loam, sand and silt. The standard deviation within each treatment (n = 3) is indicated by the line extending the column. Within each soil, significant differences are indicated by letters corresponding to 1.7 t ha −1 in the loam, 2.1 t ha −1 in the sand and 3.2 t ha −1 in the silt. The organic fertilizers showed a significantly positive biomass effect (not significant for the CFS treatment) relative to the mineral fertilizer in the sand only.
The variation in grain yield coincided generally with the variation in total biomass production. Figure 1 shows that in the silt and loam, the nitrogen fertilizer replacement value (NFRV) (Webb et al. 2013 ) for manure and digestates is approximately 1, when based on the NH 4 + concentration measured in the fresh samples of the digestates (Table 1) . In the sand, the NFRVs of manure and digestates seem to be higher than 1 (significant only for the EDM and CF treatments). The poor growth of wheat plants receiving mineral fertilizer may be connected to the high mobility of mineral N in sand. Due to their content of organic material, manure and digestates may contribute to keeping plant-available N in the top layer of the soil at the beginning of the growing season, thus ensuring a sufficient supply while the root systems is not yet well developed. Mineral fertilizer-based N will easily be washed down in the sandy soil due to lack of binding sites. The sand is a soil poor in nutrients and with a low content of organic matter (Table 2 ) and as such a growth medium in which positive effects of digestates are expected. In addition to the effect of the organic matter addition on improving nutrient availability, other plant growth conditions, such as water-holding capacity are likely to improve.
Since the manure and digestates varied in nutrient concentrations (Table 1) , and the amount of manure and digestates applied to the pots in the different treatments was adjusted to give the same mineral N input, the input of P and K varied in the different treatments (Table 3) . No additional fertilizer was applied in order to compensate for these differences. In the mineral fertilizer treatment, the ratio between N, P and K was 4:1:6. The commercial digestate based on food waste (CF) had almost the same balance between N, P and K as the mineral fertilizer, while the experimental digestate based on whey permeate, manure and fish silage (EWMF) represented the highest input of both P and K relative to the mineral fertilizer (4:4:24; Table 3 ). Although the mineral fertilizer treatment represents an adequate balance between the macronutrients N, P and K for wheat, it is still possible that growth in sand, which is poor in nutrients (Table 1) , was stimulated by the extra supply of P and K in the manure and some of the digestates. However, also the digestates not particularly rich in P and K resulted in good yields on the sandy soil ( Fig. 1 ) and the differences among the manure and digestates were not significant. There was no clear overall trend. The N to P ratio in the organic amendments was never lower than in the mineral fertilizer treatment, i.e. 4 to 1, but the supply of K was lower in treatments with commercial digestates (CF and CFS). No symptoms related to K deficiency were seen on the wheat plants in any of the soils and treatments. Thus, all in all it seems that all digestate treatments (Table 3) provided P and K in amounts and ratios which can be regarded adequate, i.e. within a range suitable for wheat production. This is in line with Tambone et al. (2010) who, based simply on chemical, spectroscopic and biological characteristics of several digestates appraised digestates to have good fertilizing properties just due to a high content of N, P and K in easily available form. However, no plant growth experiments were conducted in that study.
In the silt and loam, application of manure and digestates resulted in the same biomass production and grain yield as application of mineral fertilizer. Independent of treatment, the lowest biomass and grain yields were observed in the loam (Fig. 1) . This was most likely due to limited air supply (Currie 1962) since the sieved loam provides a dense growth medium upon irrigation. Notably, in this study the dense loam was not improved by application of organic matter.
Leaching
Nitrogen
Nitrogen applied to soil as NH 4 + will rapidly nitrify to NO 3 − if not taken up by plants. Both NH 4 + and NO 3 − are plant-available, but cereals in general prefer NO 3 − (Cramer and Lewis 1993) . A surplus of NO 3 − in soil relative to the plant requirement will be leached after harvest or denitrified. Generally, the NO 3 − leaching from the pots after harvest 50.00 (Fig. 2a) was negatively related to the biomass growth, i.e. high biomass growth resulted in low NO 3 − leaching. Thus, across the fertilizer treatments, NO 3 − leaching was generally highest from the loam. Both in the sand and loam, high NO 3 − leaching was seen in the mineral fertilizer treatment (Fig. 2a) . In these soils, the N given as NO 3 − (calcium nitrate) was not utilized by the plants. In the sand, the NO 3 − seemed to be leached towards the bottom of the pot before an effective root system had been developed. In the loam, root development might have been restricted by compactness, and thus, roots may physically not have been able to reach all the fertilizer NO 3 − . The compactness of the loam may restrict oxygen availability as well as root development, causing reduced uptake of mineral N during the period of vegetative growth when the plant N demand is at the highest. In the loam, NO 3 − leaching was reduced when manure and experimental digestates were applied (Fig. 2a) , but the commercial digestate treatments (CF and CFS) showed the same high NO 3 − leaching as the MF treatment. Thus, the application of organic matter did not improve the N utilization in the compact loam in general. In the sand, rapid water flow towards the bottom of the pot may have limited the plants' ability to scavenge the nutrients. The NO 3 − leaching from pots treated with the manure or digestates was significantly lower compared to the MF treatment (Fig. 2a) . This latter observation is in accordance with data from Svoboda et al. (2013) who, in field experiments with maize production in a sandy loam and a sand, found that NO 3 − leaching was lower upon treatment with digestates or manure, compared to treatment with mineral fertilizer. Interestingly in our experiments, NO 3 − leaching from sand receiving manure or digestates was mostly lower (significant for the EWMF and commercial digestates) than from sand not receiving any fertilizer. A similar inhibitory effect of organic fertilizer on NO 3 − leaching was found by Kramer et al. (2006) based on studies in an organic farming system. They suggested that the reduced NO 3 − leaching could be due to a positive effect of organic matter on the activity of the denitrifying microbial communities.
In the soil column leaching experiment, the amount of elements not retrieved in the leachate must be considered adsorbed in the soil or, in the case of N, possibly also lost as gaseous N species. Generally only 50% or less of the mineral N added was leached (Table 4 ) despite the very high irrigation rate equivalent to 500 mm of precipitation during 7 days. When applied on agricultural land, manure is usually mechanically incorporated into the top soil to avoid ammonia (NH 3 ) losses. In the column experiment, Table 4 Total amounts (mg) of N, P and K applied (in) and leached (out) within 7 days in the soil column experiment
Soil
Treatments N mg column however, manure and digestates were applied on the top of the soil and washed into the soil with the waterfront. The air temperature in the laboratory was 20 °C. Although the soil surfaces were kept moist and also covered with pellets, the soil pH was 6 and slightly above (Table 2) after the liming and some N may have been volatilized as NH 3 . In the loam, N was mainly leached as NO 3 − , in the sand mainly as NH 4 + , while in the silt, both forms occurred in the leachate with the major part being NO 3 − (Table 4) . Although the loam is relatively compact and likely not rich in oxygen, the leaching data show that NH 4 + must have been nitrified to NO 3 − before leaching, an observation that probably reflects a combination of high microbial activity and high retention. N leaching from the sand treated with organic fertilizers occurred mainly as NH 4 + (Table 4) , which is likely due to short retention times of non-adsorbed nitrogen in this porous soil. Still, N leaching in sand was generally less than 20% of the mineral N added. The cation exchange capacity of the sand is low, but might have been slightly improved by the organic matter addition. Thus, adsorption of NH 4 + to negative surface charges may occur in the organic fertilizer treatments. The fact that NO 3 − leaching was found in the mineral fertilizer treatment, but not in sand receiving digestates or manure suggests also a positive effect of organic matter on the activity of denitrifying microbial communities (Kramer et al. 2006 ). In the silt, the soil with the highest natural content of NO 3 − (Table 2) , N leaching was generally higher than in the sand, but at the same level as in the loam. In the silt, the main part of the N leached was as NO 3 − , but a noticeable amount also as NH 4 + . Thus, in this simple and well-controlled soil system, N species and amounts leached following addition of organic fertilizer depended on the soil type.
Phosphorus
The doses of total P in the digestates and manure treatments were equal to or higher than the amount of phosphate applied in the mineral fertilizer treatment (Table 3 ). The leaching of P in the pot experiment was generally very low (Fig. 2b) . For all the three soils, P leaching from the mineral fertilizer treatment was as low as in the pots with no fertilization. Though very low, P leaching for the organic fertilizer treatments in the sand was significantly higher compared to the no fertilizer and mineral fertilizer treatments. It is interesting to note that the EWMF digestate had more than 4 times higher P content than the mineral fertilizer and that this was not reflected in the amounts of leached P in any of the soils. This result is in contrast to findings by Lu and O'Connor (2001) who found considerable leaching of P from organic wastes when applied to course texture soils with low P-adsorption capacity. However, the low leaching of P from digestates found in our experiment corresponds somewhat better to the findings by Haraldsen et al. (2011) who investigated the fate of P from different organic waste products in a similar greenhouse pot experiment with barley growing in sand. They found low P leaching in general, but a somewhat higher P leaching from the digestates compared to other organic waste products. In a review by Lu et al. (2012) it is described that since most of the P in biosolids is in recalcitrant form, biosolids P may generally be less subjected to runoff loss compared to other amendments when applied to agricultural lands.
Results from the column experiment also showed very low levels of leached P for all soils and treatments (Table 4) . As the soil pH after liming was approximately 6 in all the three soils (pH L , Table 2 ), neither sorption to Al-and Feoxides or precipitation with carbonates were processes expected to reduce the P leaching. At a soil pH of about 6, the P added in all treatments seems to be effectively chemisorbed by ligand exchange on the soil minerals even in the short time-span considered in this study. Independent of the natural plant-available P status of the soils (P-AL, Table 2 ), which was low in the sand and higher in the loam and silt, the added P was effectively retained within the soils. In a column leaching study including soils with different texture, P-status and pH ranging from 5.8 to 7.9, García-Albacete et al. (2014) found the potential P losses connected to digestate application not to be significantly dependent on soil type, but more related to digestate characteristics. The increase of the soils' P reserves may be positive for soils naturally low in P. In a long-term field study by Bedada et al. (2016) , a build-up of the soil P status by addition of compost compared to mineral fertilizer was emphasised. However, in areas prone to erosion, P supplies exceeding plant requirements will increase the risk of eutrophication of water bodies through transport of particle-bound P (Sharpley et al. 2001) .
Potassium
Among the three soils, the silt had the highest natural K content (Table 2 ) and, when no fertilizer was added, higher amounts of K leached from the silt after harvest compared to loam and sand (Fig. 2c) . Among the fertilizer treatments, the commercial digestates (CF and CFS) represented the lowest K input (Table 3) , and K leaching from the pots receiving these digestates did not differ from the control without any fertilizer addition. As plant growth did not appear to be K-limited in the CF and CFS treatments (Fig. 1 ) and the leaching of K was equal to the control with no fertilizer addition (Fig. 2c) , the low K concentration in the CF and CFS treatments apparently still met the wheat plant requirements even in the K-poor sand.
The treatments with experimental digestates EWMF and EDM represented the highest K input (Table 3) , i.e. 2.6 and 4 times, respectively, higher than for MF. The amount of K leached from loam and silt treated with EWMF and EDM was similar to the mineral fertilizer treatment, suggesting higher plant uptake and/or accumulation of K in the soil. For the sand, leached amounts of K were higher from the treatments with K-rich digestates and neither plant uptake nor accumulation in the soil seems to have played a major role. The addition of organic matter in the organic fertilizers has thus not improved K binding capacity in the sand. In the sand, which is naturally low in K (Table 2 ) and could thus have profited from an accumulation of K, most of the extra K was leached.
In accordance with the data from the pot experiments, the soil column leaching experiments showed generally a strong K adsorption in the loam (Table 4 ). For the other two soils, varying degrees of leaching were observed (Table 4) . Also in the soil column experiment, the naturally higher K content in the silt compared to the sand was reflected in the amount of K leached. In the sand 45-100% of the K added in the different fertilizer treatments was leached, and leaching was highest for the treatments with the highest K input, i.e. the EWMF and the EDM treatments. In the silt, K leaching was high for EDM, but for the other treatments generally lower compared to sand.
Fertilizer K input in excess of plant requirements often has been found to persist in soil for years after application, improving the soil K status (Yu et al. 2009; Zhang et al. 2011) . Considering both the results from the soil column experiment and the after harvest leaching study, the effect of a K input in excess of plant requirements apparently varies dependent of soil type. In the silt, which in general had the highest biomass production, the high amount of K added was to a large extent taken up by the plants. In the loam with lower biomass production, the extra K was primarily adsorbed by the clay minerals, while excess K in the sand was predominantly leached from the system.
Conclusion
The present study provides an overview of how a wide variety of digestates affects plant production and leaching of nutrients. The results show that the concentration of NH 4 + in digestates (DM < 6%) provides a good indicator of the N fertilizer value of the digestates. Additionally, in the sand, digestate application reduced NO 3 − leaching. In longer-term applications of digestates in the field, additional N supply from mineralization of the organic material may benefit biomass production also in following growing seasons.
Particularly in the nutrient poor sand, the organic fertilizers had a positive effect on cereal yields. The positive effect may be related to an improved ability to keep plant nutrients within the root zone at an early stage of plant development.
Although most digestates had ratios between the plant macronutrients N, P and K that were not optimal for wheat growth, the variation in P and K content seemed to be within a range suitable for wheat production. The risk of P leaching was low, even in the sandy soil or at a P input that was up to 4 times higher compared to adequate mineral fertilizer additions. The variation in K input did not influence yield. In the sand, K from digestates in excess of plant requirements was leached from the soil, in the loam assimilated in the soil leading to a soil K-reserve build-up, while in the silt, the higher K availability was met by a higher biomass production and/or soil accumulation.
Overall, the data show that digestates from biogas production based on fundamentally different feedstocks are promising as fertilizers. The N fertilization can be based only on the NH 4 + concentration of digestates and, at least for wheat production, considerable variation in the concentrations of K and P can be tolerated.
